Monthly mean instrumental surface air temperature (SAT) observations back to the nineteenth century in Ch ina are synthesized fro m different sources via specific quality-control, interpolation, and homogenizat ion. Co mpared with the first homogenized long-term SAT dataset for China by Cao et al. 
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Introduction
Climatic warming during the past century has been evident in worldwide surface air temperature (SAT) records (Hart mann et al 2013 , Jones 2016 . It is clear that long-term and ho mogeneous instrumental SAT series are essential for quantifying the observed climate trend. Great effo rts have been made for decades to develop reliable long-term SAT series for different regions over the world (Jones et al 1999 , Jones 2016 .
Collection, co mp ilat ion, and construction of long-term instrumental SAT data in Ch ina have also been on-going over recent decades (Tao et al 1991 , Wang et al 1998 , Cao et al 2013 . However, the estimates of climatic warming trends during the last century for China in previous studies show a large range (fro m 0.3°C to 1.5°C per century), primarily due to various data issues especially for the early period before 1950 (Tang et al 2009) . For comparison, the regional mean SAT series based on different numbers of stations for the period since the 1950s agree well with each other (e.g., Jones et al 2008) . Cao et al (2013) established for the first time a set of homogenized long-term SAT series at 18 stations in middle and eastern Ch ina and showed a regional mean warming of 1.52°C for the 1909-2010 period.
Here, we update the data series and extend the dataset especially towards western China, where observations were sparse.
The extension to a more spatially co mplete dataset of long-term instrumental temperature observation series for China occurred mainly due to a number of p ieces of early observation series becoming availab le for western China. At the same time, it is beneficial to update the existing dataset, as five years have passed since the time the early work of Cao et al (2013) was undertaken (the final year then was 2010) and significant improvements have been made to the availability of SAT data in China in this period.
The present paper introduces how the new dataset "China Ho mogenized Monthly Temperature Dataset (CHMTD-V1.0) during 1873-2015" is constructed, including quality-control, interpolation of missing records, and homogenization of the long-term series. The new dataset serves as an improved data base for studying the geographical pattern of SAT change and, in particular, updating the estimate of the century-scale warming trend over China.
The rest of the paper is organized as follows. Section 2 introduces the sources of additional data and datasets used for comparison. Section 3 explains the basic data processing, including interpolation and homogenization techniques used to develop the dataset. Section 4 presents the results. Section 5 is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 a summary.
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Data
The original SAT records and the associated metadata before 1951 are fro m t wo main sources.
One is the early work "Two climat ic data bases of long-term instrumental records of Ch inese Academy of Sciences (CA S) in the People's Republic of China" (Tao et al 1991) The CRUTEM 4 (Jones et al 2012, Osborn and Jones 2014) database of SAT within Ch ina area is used for comparing the regional average series based on the climate ano maly method (CAM) (Jones 1994, Jones and Moberg 2003) . CRUTEM 4 additionally includes the previously published 18 homogenized temperature time series (Cao et al., 2013) . The GISTEMP dataset is also used for comparison, which does not include the present homogenized station series from Ch ina. A principle rule fo r choosing stations for the present dataset is that the station is of at least 30-year series of SAT records before 1951 if it is in eastern Ch ina or over 10-years if it is in western Ch ina (to the west of 110E). As shown in Figure 1 , the 32 stations chosen are reasonably well distributed over China.
Compared with the dataset of Cao et al (2013) , the new dataset includes 7 more stations in western China with relatively long observation series. For eastern China, there are also 7 new stations, including 2 from Taiwan. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 3 Methods
Data quality control and interpolation
The original daily mean maximum and minimum temperature (Tmax and Tmin) series records of 1951-2015 were collected from the China National Stations' Fundamental Elements Datasets V3.0 (Ren et al 2012) . These datasets are quality-controlled and updated every month and serve as the latest version of the surface climate datasets with the best quality and integrity among those having been applied to date (Ren et al 2012) .
We perform compilation and quality control using the method of Cao et al (2013) to determine the reliability of each station's monthly SAT series and then consider any obviously erroneous value as a missing value. A c c e p t e d M a n u s c r i p t 5 2014). The temperature series of Kathmandu extending from January 1921 to December 1975 is archived at CRU (via P D Jones). To ensure that the temperature series at the reference stations are highly correlated with those at the candidate station, we set a distance threshold of 500km. For Wulumuqi, Hetian and Lhasa stations, the threshold distance were enlarged to 1000km.
A three-step interpolation technique for the monthly mean SAT anomaly from the local climatological mean is applied, using one of four independent statistical approaches for each step, i.e., the standardized method, partial least squares regression, multivariate linear regression and gradient plus inverse distance square method (full details given in Cao et al 2013) . Cross validation is conducted to assess the reliability of the interpolation results. Table 3 shows the mean bias error (MBE) and root mean square error (RMSE) for each of the 12 stations from the starting year of station observations to 2015.
As Table 3 shows, MBE is generally small and falls between 0.45°C and -0.35°C. RMSE is smaller than 1°C at six stations (Xining, Yingkou, Dalian, Yantai, Xiamen, and Nanning) and is generally below 1°C at Changchun and Lhasa. These interpolation errors are similar in magnitude to previous results for stations in eastern China (Cao et al 2013) . A relatively large RMSE (between 1.5°C and 1.6°C) is found at two stations in western China (Wulumuqi, Lhasa) for 119-month interpolated values.
In total, we interpolated 738 monthly values for 12 stations (accounting for 5.4% of the total monthly records) to develop continuous time series of monthly mean SAT from the start year up to 2015 for the 32 stations.
Homogenization of SAT time series
The inhomogeneity of an SAT time series is usually expressed as a sudden change (breakpoint) compared with neighboring station records . A homogeneous time series should dimin ish the sudden changes due to non-climatic factors, such as changes in observational locations, times and instruments.
A variety of homogenizat ion algorith ms have been developed and assessed in recent years (Venema et al 2012) . In this work, we applied some existing homogenization methods together with station metadata to perform the inhomogeneity detection and adjustment. Any gradual trend biases, e.g., due to an enhancing urban heat island effect during recent decades, may remain in the ho mogenized series for some studied sites. A c c e p t e d M a n u s c r i p t
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The RHtests version 3 software package (Wang and Feng 2010) was used as the primary method to detect and adjust changepoints. This package includes the PMTred algorithm, which is based on the penalized maximu m t (PMT) test, and the PMFred algorithm, wh ich is based on the penalized maximu m F (PMF) test (Wang 2008) . The PMT test is a relative ho mogeneity test and must be used with a reference series. The PMF test can be used without a reference series. Cao et al (2012) showed that the PMTred algorithm is suitable for detecting mu ltiple changepoints with a reference series representing a regional temperature series when the observational network is dense, while the PMFred algorith m is often applied to a sparse observational network where a reference series may be quite distant. Therefore, we use both PMFred and PMTred algorith ms with a statistical test at the 1% significance level.
Firstly, for the time series of monthly mean SAT at the 14 new stations before 1950, we apply the PMFred algorith m without a reference series because the observational stat ions were sparse during this period. To increase the reliability of the PMFred method in detecting changepoints, we repeat the above work using the two-phase regression (TPR) method (Easterling and Peterson 1995) and a running student's t test. When one changepoint is detected by at least two methods or is supported by the metadata, it is accepted as a break point. When the changepoints detected by different methods are close to each other (within two years), these changepoints are considered as one and its occurrence time is determined by available metadata or is set to the first occurring year if without metadata.
Secondly, for the 12 stations (excluding Tainan across China (Cao et al 2016) . The ho mogeneity of the t ime series at each reference station is checked by using the PMFred algorith m. The reference series is chosen to be highly correlated with the tested station (with a correlation coefficient larger than 0.8). For each tested station, if there are more than two reference stations, their arithmetic average is defined as a reference series.
In the third step, possible changepoints in the 1950s are further detected by using PMFred algorith m to ensure the continuity of the whole series. In fact, the metadata shows that many stations were relocated in the years during the early 1950s, when the national meteorological network was rebuilt. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 7 Table 2 shows the detected changepoints at the 14 new stations. There are no breakpoints at three stations (Hetian, Ying kou and Tainan). Each temperature series identified to contain significant changepoints is then adjusted to the latest segment of the data series, using the mean-ad justments of RHtestsV3. Finally, we obtain the homogenized time series of monthly mean SAT at each of the 14 stations. Figure 3 shows the time series of the annual mean SAT anomaly at Xining station from 1937 to 2015 as an examp le. It is notable that discontinuity dates are d ifferent for the Tmax and Tmin series (Figure 3b, 3c and 3d ). In Tmin, there are t wo changepoints detected, due to relocation in 1975 and 1995, wh ile the Tmax series is homogeneous . This means the two relocations had little influence on Tmax series. This phenomenon is quite co mmon for temperature observations in Ch ina. Overall, the Tmin series have more changepoints than the Tmax series do, imp lying that the Tmin measurement is more sensitive to changes in the observation system in China. A part of physical reason is that Tmin series usually has a smaller variance than Tmax is in this region, hence any non-natural biases in the Tmin series are more statistically significant..
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When averaging Tmax and Tmin to generate the Tm series, the discontinuity still exists. The long-term series of Tm has one more changepoint in 1951 (Figure 3a ), corresponding to a relocation recorded in metadata. Xining station was moved in Jan. 1951 fro m downtown to the nearby airport, which was located in the eastern suburb, about 8 km away fro m the downtown, causing the ju mp in the temperature series (Figure 3a) . The adjusted Tm series shows an increas ing trend.
Cases of relative warmth during the 1940s
It is clear that the century-scale warming trend estimation is uncertain when using different datasets (Tang et al 2009 , Jones 2016 . The most significant differences occurred during the 1920s -1940s.
Especially during the 1940s, China experienced wars and a large nu mber of observations were missing. (Cao et al 2013) . According to the metadata, Nanjing station was located in the urban district during the 1940s and observations were missed due to the war. In 1958, the station was moved to Yuhua suburb to the south and southeast of the downtown (6.8km away ), with a declining jump of the temperature records (albeit it is not statistically detectable).
By analyzing the metadata, we found that in China many stations (about 40% of the studied stations in this paper) moved fro m the city center to a suburb due to the rapid urbanization develop ment shortly after the foundation of the People's Republic of China in 1949. The environ ment of stations did not accord with the observation criteria in the earlier times and these relocations usually lead to obvious ju mps to cooler temperatures. Fig. 3a shows a typical case (see the change point around 1951).
Thus, cases such as Nanjing station need more attention and perhaps further adjustments. In general, there is still potential for further ho mogenization of the present dataset, because the present work has adjusted only the most significant biases in the station series.
5 Century-scale warming trends in China In Figure 6b , the ho mogenized annual mean SAT series show larger warming trends in general. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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The largest warming trends occur at Harbin (4.0°C/century), Wulu muqi (3.7°C/century), and Changchun (3.5°C/century), which are located in the most northeast or northwest of China. By and large, the original time series tend to underestimate the local warming trends during the overall period fro m 1901 to 2015. Similar results were noted in previous studies. Li and Yan (2009) showed that many stations in China moved from some urbanized locations to out-of-town during their history, causing cooling biases in the SAT series . Co mparat ively, the adjusted data presents a more geographically coherent pattern of climat ic warming (Figure 6b ) than the original data do (Figure 6a) .
The adjusted data demonstrate a range of t rends between 1.1° and 4.0°C per century in northern Ch ina; between 0.4° and 1.9°C per century in southeastern China, and between 1.4 and 3.7°C per century in western China (to the west of 110E).
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